Abstract-This simulation explores the effects of insulation properties on quench propagation in ReBa 2 Cu 3 O δ-7 -based coils. At present, superconducting magnets primarily use insulators that are electrically and thermally insulating, for example, Kapton. Here, the impact of varying the thermal conductivity of the electrical insulation on quench behavior is reported. In particular, the behavior of a Kapton-insulated coil is compared with one insulated with doped TiO 2 , one insulated with "ideal Al 2 O 3 ", and one noninsulated coil. The effects on minimum quench energy and normal zone propagation behavior are investigated. In addition, a new concept, the current sharing volume (CSV), which accounts for two-or three-dimensional normal zone propagation, is introduced. The CSV is defined as the volume of coil for which the temperature is above the current sharing temperature. The simulation results show that the transverse thermal conductivity and insulation thickness strongly influence the normal zone propagation velocity, thus impacting the quench detection time and hotspot temperature. As expected, the coils insulated with the higher thermal conductivity alternatives exhibited faster normal zone growth and lower hotspot temperatures relative to CSV growth. The impact of improved thermal conductivity of turnto-turn insulation becomes even greater when distributed sensing replaces voltage-based sensing.
I. INTRODUCTION
the conductor properties and magnet operating parameters, the turn-to-turn insulation can play an important role as well.
Understanding quench behavior within REBCO coated conductor (CC)-based coils is important for ensuring their longterm operation and performance. Currently, the slow quench propagation in REBCO conductors hinders effective quench detection, which renders REBCO magnets difficult to protect and could lead to degradation due to localized overheating. Many studies have reported quench propagation in REBCO CCs, including insulated and noninsulated (NI) coils configurations, and various options have been proposed to improve the behavior, although the effects have been relatively small [1] - [17] .
Quench behavior is governed not only by the conductor architecture and properties and operating conditions but also by the properties of the other materials in the coil as well. These include the turn-to-turn insulation, structural material (if present), coil former, and coolant. Typically, electrical insulation has low thermal conductivity, confining quench propagation primarily to one direction within a single turn of conductor and decreasing stability by reducing the energy required to initiate a propagating normal zone [1] . Variations on traditional insulation methods have been suggested to improve coil stability and quench behavior, and in particular, it was proposed that normal zone propagation could be increased by incorporating a thermally conducting dielectric insulation that increases the transverse propagation velocity [15] , [18] , [19] . Another approach investigates utilizing thinner insulation (approximately 4 μm) to increase transverse propagation and the overall current density of a REBCO coil [2] . In lieu of traditional insulation materials, coatings and metallic inserts have been also proposed [20] - [23] . In addition, the NI coil concept has been developed because it offers increased packing factor (and thus greater magnetic field generated per ampere of current) and stability. The NI concept results in high turn-to-turn thermal and electrical conductivities that reduce peak temperatures and increase current sharing across the turns [20] , [24] - [27] . For dc applications without stringent field-quality requirements, this approach may be advantageous, but for ac applications, it is likely limited; ac losses are reduced in comparison with insulated coils [28] , but the charging and discharging of NI coils are relatively slow, which is an issue for fast or frequently ramping applications [24] . The quench behavior of REBCO CCs and coils has been extensively investigated using numerical methods. Using commercial finite-element modeling (FEM) software, models successfully simulated magnet behavior [9] , [14] , [16] , [29] - [36] . Earlier models used the full thickness of each layer within the REBCO conductor architecture, conductor homogeneity, or a reduction in element order to investigate quench development [29] , [37] . The usage of mixed-dimensional FEM was introduced to investigate the influence of interlayer contact resistances and to address the high aspect ratio of the REBCO, buffer, and silver layers, which render a full 3-D model complicated and computation time intensive [14] . The mixeddimensional model maintained the accuracy of a full thickness model with significantly reduced computation time.
Although the turn-to-turn electrical insulation used in REBCO coils is typically thermally insulating, one preliminary study used the mixed-dimensional model to incorporate a thermally conducting dielectric insulation that increased the transverse propagation [19] . More recently, a thermally conductive doped-TiO 2 insulation was developed and applied to Bi 2 Sr 2 CaCu 2 O x and REBCO coils [38] , [39] . By increasing the thermal conductivity of the insulation, the NZPV was increased by over 250% in both REBCO and Bi 2 Sr 2 CaCu 2 O x coils.
This study presents an in-depth analysis of the impact of turn-to-turn insulation on the quench behavior of REBCO coils. Using an experimentally verified coil model [36] , four insulation scenarios are considered: Kapton insulation (for reference), doped TiO 2 (using recently published property values), "ideal Al 2 O 3 " (using published properties for single-crystal Al 2 O 3 ), and an NI coil. Note that the ideal Al 2 O 3 represents the highest thermal conductivity achieved to date in a dielectric. Although we recognize that the thermal properties of single-crystal Al 2 O 3 are not likely to be achieved in a continuous long-length coating, this case represents an "upper bound" on potential performance of a thermally conducting electrical insulation, and thus is used as a comparative metric for other insulation options.
II. THREE-DIMENSIONAL COIL MODEL

A. Coil Model
Previously, a hybrid model was developed that combined coarse-and fine-scale models and embedded a micrometerscale multilayer tape model into a coarse-scale homogeneous coil model using real dimensions [36] . The multilayer conductor model was designed using a multidimensional REBCO CC tape model as the basic building block [36] ; in this tape model, the Cu stabilizer and the Ni-alloy substrate were modeled as 3-D layers, whereas the thin REBCO layer was modeled as a 2-D layer, which was effective, owing to the very high aspect ratio. The thin silver cap layer and buffer layers were modeled as thermal and electrical contact layers with fixed contact resistances. Complete details of the development and implementation of the mixed-dimensional conductor and hybrid coil models can be found in previous work [14] , [16] , [35] and [36] , which also discusses the extensive experimental validation of these models.
To simplify the modeling process for this study, a straight hybrid coil representing a section of a pancake coil is studied. In view of the electrical and thermal behavior of a quench, a straightened coil section is a good approximation of a large round coil; ignoring the coil curvature is likely to have minimal effect. The embedded multilayer tape section consists of five layers of micrometer-scale CC tape models, each sandwiched between a top and a bottom insulation layer. This is illustrated in Fig. 1 . For each of the three insulation materials investigated, i.e., Kapton, doped TiO 2 [38] , [39] , and ideal Al 2 O 3 [40] , two insulation thicknesses are studied, i.e., 20 and 100 μm. Doped TiO 2 has a significantly higher (but less than an order of magnitude higher) thermal conductivity than Kapton and is commercially available for use on CCs [38] , [39] . Ideal Al 2 O 3 has the highest thermal conductivity, 1-2 orders of magnitude higher than that of doped TiO 2 , but such properties are only realized in single crystals. The thermal conductivity versus temperature for all options is plotted in Fig. 2 .
The coarse-scale homogeneous coil section, which encloses the multilayer tape model, except at the symmetric end, represents the remaining coil and is used as a thermal mass to emulate the cooling behavior. This homogenous section is composed of the thermal properties of five conductor layers and incorporates convection at the external boundaries to account for cooling. Its properties are only used in the thermal solution. In view of the symmetric thermal and electrical behavior, only a quarter of the coil (half of the coil and half of the tape width) is modeled. A heat pulse, generated by a symmetrical half heater located at the top Cu layer at the symmetric end of the center CC tape (tape 3), initiates a normal zone. The schematic of the coil configuration in Fig. 1(a) illustrates an overall view of the model, including the locations of the temperature and voltage "taps" where the behavior will be monitored. Table I provides various model parameters.
The models were developed using COMSOL Multiphysics, a commercial FEM software. A segregated solver was used to ease convergence of the model. Rather than solving all equations simultaneously, the thermal solution is found, and the output is used to solve the electrical solution in each time step.
B. Simulation Approach
Here, each model is referred to by the insulation used: Kapton, doped TiO 2 , ideal Al 2 O 3 , and NI. The initial equilibrium temperature for each model is 50 K. Each model operates at 70% I c . A heater pulse Q is applied for 0.45 s to provide sufficient heat to initiate a quench. The entire simulation time is 2 s in 0.001-s time steps. For each case, the minimum quench energy (MQE) is determined by increasing the heater energy gradually until the case quenched. The hotspot temperature T h [tap T 3_0 in Fig. 1(a) ] is monitored versus time to track the evolution of the normal zone; a run is considered a quench when T 3_0 increases without recovery after the heater input ends. To ensure sufficient Q to induce quench in each case, the heater energy for each model was higher than the MQE for ideal Al 2 O for the corresponding insulation thickness. Thus, the 20-and 100-μm thicknesses were evaluated using Q = 0.497 J and Q = 0.551 J, respectively. Note that the same value of Q is used for each insulation so that the comparison is based upon each coil experiencing the same quench-inducing disturbance.
The NZPVs are calculated using the voltage-time profiles. locations of voltage taps V 3_2.5 -V 3_1.5 and V 3_3.5 -V 3_2.5 divided by the time delay Δt between these two voltages measuring V = 0.01 V. The transverse NZPV, i.e., NZPV y , is calculated as the turn-to-turn distance divided by the time delay for neighboring turns to reach the same reference voltage. Specifically, it is the distance between taps V 4_0.5 and V 5_0.5 (equal to the tape thickness plus twice the insulation thickness) divided by the time delay between 2 * V 4_0.5 and 2 * V 5_0.5 reaching 0.01 V. Due to symmetry, 2 * V 4_5 corresponds to V 4_5 -V 4_ (−5) . NZPV y represents turn-to-turn propagation, which is of particular importance for this study.
As the insulation thermal conductivity increases, it is anticipated that the turn-to-turn propagation will increase significantly, altering the shape of a normal zone from essentially one dimensional along the length of the conductor to three dimensional. Thus, in this work, the 3-D shape of the normal zone and how it evolves with time are particularly important. Here, the concept of the current sharing volume (CSV) is introduced; the CSV is defined as the volume of coil with a temperature greater than the current sharing temperature T s , 62.6 K, and is thus the 3-D corollary to the normal zone length. Note that the CSV is the volume of conductor that is generating a voltage during a quench and is calculated as a function of time during quench evolution, enabling the tracking of the CSV growth rate. For comparison purposes, here, the CSV is benchmarked at t = 2 s. In addition to the CSV, the quench is also evaluated in terms of the CSV percentage (CSV%), which is the percentage of the conductor in the magnet with T > T s . CSV% is used because the coil volume varies with insulation thickness (or the absence of insulation), which can skew the comparison if only the CSV is used. The shape of the CSV is created using the same data used for the CSV% and the corresponding Cartesian coordinates. Note, however, that current sharing occurs within the individual conductors for the insulated models and between conductors for the NI model. The shape shown in this study shows an orthogonal view and the x-y plane. The 3-D normal zone and CSV% fully describe 3-D quench propagation.
III. SIMULATION RESULTS
The effective thermal conductivities k eff and specific heat capacities c eff , shown in Figs. 4 and 5, were calculated for each model by including one layer of insulation (in insulated coils) and one layer of conductor. The effective properties were calculated using the rule of mixtures to account for the composite design. The longitudinal (parallel to current flow) and transverse (turn-to-turn) values were calculated separately to account for the anisotropy of k eff . The k eff for ideal Al 2 O 3 increased as the oxide thickness increased, but decreased for doped TiO 2 and Kapton. Note that the transverse k eff calculated for NI here is within the same range measured experimentally by [41] . 
B. Hotspot Temperature
The hotspot temperatures T h and the rates at which they increase, i.e., dT h /dt, are summarized in Tables III and IV. For the 20-μm insulation, Kapton showed the highest T h due to having the lowest transverse k eff and highest C eff . As a result, Kapton also had the highest dT h /dt for the 20-μm insulation [see Fig. 6(a) ]. The dT h /dt for NI was the lowest after the heater was turned off at t = 0.45 s, resulting in the NI T h being the lowest at t = 2.0 s. For the 100-μm insulation [see Fig. 6(b) ], after t = 0.75 s, doped TiO 2 had a higher dT h /dt than Kapton because Kapton has a higher specific heat, and T h of doped TiO 2 surpasses that of Kapton at about t = 1.6 s due to the large differences in thermal conductivity. Recall that, for each thickness, a fixed input energy was used to quench the coils, i.e., Q = 0.497 J and Q = 0.551 J for 20 and 100 μm, respectively, based on ideal Al 2 O 3 because it had the highest MQE. Thus, the other cases were quenched with a quench energy higher than their respective MQE. This results in a sharp temperature decrease after the heater is shut off. However, it was necessary to use the same heater input for each insulation case to determine how their response differs during a quench. Furthermore, because ideal Al 2 O 3 had the highest k eff , it had the lowest T h when the heat pulse ended. For 20-μm insulation, after t = 0.7 s, the dT h /dt of ideal Al 2 O 3 is greater than that of the NI coil; thus, its T h eventually surpasses that of the NI coil at t ∼ 2.0 s.
C. NZPV
The results in Table V Table V also clearly show that the variations in insulation have a much larger impact on NZPV y than on NZPV x ; the variations in NZPV x are only up to about 10%, whereas those in NZPV y are an order of magnitude for 20-μm-thick insulation and more than a factor of 50 for 100-μm-thick insulation. This is readily understood in that NZPV x is primarily governed by the thermal conductivity of the conductor itself and thus dominated by the Cu stabilizer, whereas NZPV y is governed by the most thermally insulating material in the y-direction and thus greatly affected by the insulation properties. Furthermore, one would expect the effects of the varying the insulation properties on the longitudinal propagation to be self-cancelling; increased insulation conductivity increases the effective longitudinal conductivity, increasing NZPV x , but it also increases the transverse conductivity, reducing T h and dT h /dx.
Through experimentation conducted in [38] , comparisons can be made between the NZPV y of Kapton and doped TiO 2 . The results reported here predict that the NZPV y for doped TiO 2 will be 73% higher than that of Kapton. The experimental results by Ishamel et al. showed a 65% difference, well within reasonable experimental error and computational uncertainty.
D. Temperature Profiles and CSV
For voltage-based quench detection, the entire normal zone can contribute to the detectable voltage; thus, here, the CSV and the CSV% are used to compare normal zone sizes. When determining NZPV y , the 1-μV/cm criterion is observed at t ≈ 0.4 s for each insulation; thus, the CSV and the CSV% are reported at t ≈ 0.4 s. The rate of increase of the CSV% is reported as well. The results in Tables VI and VII show that the NI coil has a ∼3% higher CSV% than Kapton, doped TiO 2 , and ideal Al 2 O 3 for 20 μm. Kapton has ∼6% lower CSV% than doped TiO 2 and ideal Al 2 O 3 for 100 μm. The average CSV% growth rate is highest for NI, but Kapton has the second highest growth rate and the lowest CSV for 20 μm. Kapton also has a higher average CSV% growth rate than ideal Al 2 O 3 for 20 μm despite having the lowest CSV% at t = 0.4 s. Generally, the CSV% and the CSV% growth rate for ideal Al 2 O 3 are low because the heat spreads throughout the coil, reducing the volume of coil that has T > T cs . In the 100-μm-thick Kapton case, the CSV% growth rate is low because NZPV y is very low; thus, propagation is essentially one dimensional, limiting the growth of the normal zone volume and thus the CSV. Fig. 7 shows the CSV% as a function of time for the 20-and 100-μm insulation models. The NI model has the highest CSV% for all cases, at all times. For 20-μm-thick insulation, Kapton, doped TiO 2 , and ideal Al 2 O 3 are nearly equal for the first ∼0.6 s. After t = 0.6 s, the CSV% growth rates diverge, providing clear distinctions between the models, with the fastest growth in NI and Kapton and the slowest growth in ideal Al 2 O 3 ; The 3-D images of the normal zones for each insulation and thickness at t = 0.4 s are shown in Fig. 8 . The x = 0 boundary corresponds to the symmetric end of the model, whereas the expanding normal zone in the x-and y-directions are the CSV growth fronts. For both thicknesses, Kapton has the highest temperature and shows the greatest longitudinal propagation, but the least transverse propagation. Ideal Al 2 O 3 has the lowest temperatures and greatest transverse propagation. Fig. 9 (b) and (d)] to capture the profiles just after the heat pulse stops and after the normal zone has had time to develop and propagate. Fig. 9(a) and (b) shows that the low k eff in Kapton results in a high T h . Interestingly, at 0.7 s, the NI and doped-TiO 2 temperature distributions are similar, whereas at 2.0 s, the NI case is similar to ideal Al 2 O 3 . For the thicker (100 μm) insulation, the benefits of the doped TiO 2 are reduced, and the impact of ideal Al 2 O 3 is most evident. Fig. 10 plots T h versus CSV%. The first maximum in each curve corresponds to the time at which the heater pulse ends (illustrated with the vertical lines). NI results are plotted with both the 20-and 100-μm results for comparison purposes. For each thickness, Kapton has the highest temperature for all CSV%, followed by doped TiO 2 . NI and ideal Al 2 O 3 have nearly equal values, with the ideal Al 2 O 3 below that of NI (although not shown in Fig. 10 , at the later stages of normal zone growth, when the CSV% is well above 50%, T h for ideal Al 2 O 3 increases above that of NI).
IV. DISCUSSION
Quench protection in a superconducting magnet depends upon the ability to detect a quench with sufficient time remaining to enact a protective response before the magnet is damaged. Assuming that damage to the conductor correlates with the peak temperature (T h ) or the rate at which it increases (dT h /dt) and that the time required to actively protect the magnet is mostly independent of the conductor type and magnet initial operating temperature, then quench protection can be viewed as a race between the time required to detect a quench and the time required for the local T h to reach the limit for safe operation. The results here show that varying the insulation properties impacts the NZPV (primarily in the transverse direction) and the rate at which the local T h increases.
The results in Figs. 8 and 9 clearly show that, by increasing the thermal conductivity and NZPV y , the shape and dimensionality of the normal zone are significantly altered. By transitioning from one-dimensional to two-or three-dimensional propagation, the heat is distributed over a much larger volume of the coil, reducing T h even as the CSV increases. The most direct comparison of the overall effect of varying the insulation is shown in Fig. 10 . From the perspective of a voltage-based quench detection system, CSV% correlates directly with detectable voltage; thus, the optimum situation for quench protection is a large CSV% and low T h . Thus, in the graphs in Fig. 10 , a small slope is preferable. From this perspective, the advantages of the alternative insulations are clearly seen, as Kapton has the highest T h for both 20-and 100-μm cases, with the difference between Kapton and the alternatives increasing with insulation thickness. At the other extreme, ideal Al 2 O 3 , which represents the "ultimate performance limit" that can be envisioned but not readily obtained, has the lowest T h for both 20-and 100-μm cases. Thus, one can view the parameter space between Kapton and ideal Al 2 O 3 as the potential operating space for future magnets.
The results here show that the behavior of magnets with the various insulation options is influenced not only by k eff but also by C eff and the insulation thickness as well. Consider first the effects of insulation on the MQE. The high k eff of ideal Al 2 O 3 results in the highest MQE. However, if k eff was the driving force for MQE, then one would expect the MQE of NI to be close to that of ideal Al 2 O 3 , particularly for the 20-μm ideal Al 2 O 3 case, where the transverse k eff are fairly close. Instead, however, the MQE of NI is actually lower than that of the 20-μm doped-TiO 2 case because of the differences in current redistribution. Because the NI coil quickly redistributes the current, there is Joule heating in the neighboring turns as soon as the normal zone is created, resulting in a reduced MQE. The effect of C eff is seen via T h . In Fig. 6(a) , the thermal behavior is mainly influenced by k eff because C eff values are nearly equal at each measured temperature. In Fig. 5(b) , however, doped TiO 2 experiences a decrease in slope at T = 140 K. In Fig. 6(b) , this corresponds to t ∼ = 0.26 s, which occurs before the heater pulse ends. The decrease in slope increases dT h /dt, but due to a smaller difference in transverse k eff between doped TiO 2 and Kapton, the temperature at t = 2 s is highest for doped TiO 2 .
The insulation properties also affect the dimensionality of the normal zone. Consider the images in Fig. 8(a) (20-μm  insulation) . The Kapton case shows the largest normal zone in the x-direction, but it is much narrower than the other three cases, and at the other edge (in the y-direction) near x = 0, the Kapton temperature is only about 72 K, whereas the others all show yellow (80 K) and even red (approaching 90 K) on the "sides" of the normal zone near x = 0. This is a clear illustration that Kapton restricts propagation to one dimension and that even doped TiO 2 is evolving toward two-or threedimensional propagation. The extreme opposite is seen in ideal Al 2 O 3 , where the size of the normal zone in the y-direction is much larger than that in the other three cases, and the x-direction propagation appears stunted. The differences in propagation dimensionality are even clearer in Fig. 8(b) (100-μm insulation). In this case, even as much of the Kapton and doped TiO 2 have reached or exceeded 92 K, the ideal-Al 2 O 3 normal zone has grown primarily in the y-direction, and nowhere has the conductor reached 92 K.
The evolution of the normal zone shape with time also varies greatly with insulation. As shown in Fig. 9 , the shape of the normal zone in the Kapton case does not vary greatly with time; the normal zone grows primarily longitudinally, but the shape of the propagating front is fairly constant. Comparing the three alternatives, however, in the earlier stages of quench propagation, NI and the 20-μm doped TiO 2 have very similar temperature profiles in the transverse direction [see Fig. 9(a) , t = 0.7 s], but after the quench has propagated further [see Fig. 9 (b), t = 2.0 s], the transverse temperature profile in doped TiO 2 shows a much higher temperature than NI, and NI is quite similar to ideal Al 2 O 3 .
It should be noted that the discussion of CSV% versus T h as a metric for quench detection was based upon conventional voltage-based detection schemes that require T > T cs in order to have a detectable signal. Recently, however, distributed sensing via Rayleigh-scattering interrogated optical fibers has been proposed [42] . Through this approach, the entire magnet is continuously monitored for any thermal disturbance, a signal is obtained well before the creation of a normal zone [43] , and there is no T > T cs threshold for sensing a hotspot. In this case, the benefits of a 3-D normal zone are even greater. For conventional voltage-based detection, one requires a normal zone to detect a disturbance; thus, one requires T h > T cs . One could argue that the one thing "lost" via ideal Al 2 O 3 is that the CSV is slow to grow because of this signal threshold. For protection, this is not problematic because T h is also slow to grow, but with distributed thermal sensing via optical fibers, the threshold is eliminated; thus, the alternative insulations benefit from the best of both worlds in that T h and its rate of increase are reduced, but a detectable signal is created as soon as there is a thermal perturbation, and this detectable signal will increase in magnitude and distribution well before a voltage signal appears. Thus, as the development of distributed sensing advances, the benefits of alternative insulation with increased thermal conductivity become greater.
V. CONCLUSION
A mixed-dimensional model has been used to study the effects of varying the properties of insulation materials on the quench behavior of REBCO CC-based coils. In particular, four options were evaluated: Kapton (conventional), doped TiO 2 , ideal Al 2 O 3 (representing the ultimate performance limit), and an NI coil. For the insulated coils, 20-and 100-μm-thick insulations were considered. Each model was simulated at an operating current equal to 70% of I c at the operating temperature of 50 K. The MQE and the NZPV (longitudinal and transverse) were calculated for each case, and the temperature distribution was monitored as a function of time. Furthermore, a new parameter, i.e., the CSV, was introduced and calculated.
It was found that the transverse thermal conductivity and insulation thickness have the greatest influence on quench behavior. As expected, ideal Al 2 O 3 had the highest MQE, the lowest T h , the slowest rate of increase of T h , and the fastest transverse NZPV, regardless of insulation thickness, whereas Kapton showed the lowest MQE, the fastest rate of increase of T h , and the slowest transverse NZPV, regardless of insulation thickness. Because the dimensionality of the normal zone transitions from one dimensional to two or three dimensional as the effective thermal conductivity increases, the quench behavior, and particularly the ability to detect a quench, was described in terms of the percentage of the coil that was above T cs , i.e., CSV%. This was then compared with T h to assess the overall effectiveness of the insulation for enhancing quench protection. In this context, the impact of enhanced thermal conductivity is particularly clear as all three alternatives have much lower T h versus CSV%. Ideal Al 2 O 3 has the lowest T h versus CSV%, with a particularly pronounced difference for thicker insulation (which may be required for applications that have significant charging and/or discharging voltages). The 20-μm doped TiO 2 is comparable with the NI coil, but as the doped-TiO 2 thickness increases, T h increases.
More generally, these results show that the properties of the turn-to-turn insulation can play an important role in superconducting magnet design, particularly for high-temperaturesuperconductor-based magnets for which quench detection is challenging. Furthermore, the results show that the impact of improved thermal behavior of turn-to-turn insulation becomes even greater if distributed sensing replaces voltage-based sensing.
